Six Ligularia fischeri samples, two from Sichuan (samples 1 and 2) and four from Chongqing (samples 3-6), were examined for root chemicals and the DNA sequence of the internal transcribed spacers of the ribosomal RNA gene. Samples 2 and 3 contained benzofurans. The isolation of benzofurans shows that the chemical diversity in L. fischeri is higher than previously reported. Samples 1, 4, 5, and 6 contained eremophilanes. However, the compounds were different between sample 1 and samples 4-6, indicating variation within eremophilane producers. DNA data indicated that introgression could be a mechanism of benzofuran production in sample 2 and that sample 1 and samples 4-6 were genetically separate.
The genus Ligularia in the Hengduan Mountains area is highly diversified and its evolution is considered to be continuing [1] . We have been studying the chemical and genetic diversity in this genus. To date, we have found intra-specific diversity in many species at various levels [2] . For example, L. virgaurea (Maxim.) Mattf. was found to contain five chemotypes [3] , while L. cyathiceps Hand.-Mazz. was uniform [4] . Some species, such as L. kanaitzensis (Franch.) Hand.-Mazz. [5] , showed complex diversity. Furanoeremophilanes and related sesquiterpenoids have been isolated from most of the major Ligularia species, while some species have been found to produce either bisabolanes or euparintype benzofurans as their major component.
L. fischeri (Ladebour) Turczaninow not only grows in the Hengduan Mountains but is distributed widely in China, as well as in India, Nepal, Mongolia, Korea, Japan, and far-eastern Russia [6] . L. fischeri is taxonomically close to L. veitchiana (Hemsl.) Greenm and L. anoleuca Hand.-Mazz., both of which also grow in the Hengduan Mountains. The difference in morphology is recorded in the bracts (L. veitchiana: submembranous, L. anoleuca and L. fischeri: herbaceous) [6] . In addition, L. anoleuca has characteristic white pili distally and on the florescence. L. fischeri var. spiciformis is used as a medicinal vegetable in Korea [7] , and L. veitchiana is used as a Chinese medicine, "Shanziyuan" [8] .
Many compounds have been isolated from L. fischeri. Furanoeremophilanes were isolated from Japanese samples in the 1960s and 1970s [9, 10], followed by isolation of related eremophilanes and other sesquiterpenes from Chinese [11] and Korean samples [12] . In our studies on the diversity of Ligularia, we previously reported that L. fischeri and L. anoleuca were indistinguishable in their chemical composition and DNA sequences [13] , while L. anoleuca and L. veitchiana were distinct [14] . The major components of L. fischeri and L. anoleuca were furanoeremophilanes, while those of L. veitchiana were euparintype benzofurans [13, 14] . In this report, we describe the first a County and Province/City in parenthesis; S = Sichuan Province, C = Chongqing City isolation of a euparin-type benzofuran from L. fischeri, suggesting the presence of at least two chemical lineages within the species.
Six samples of L. fischeri were collected in 2012-2013 in Sichuan/Chongqing area ( Table 1 and Figure 1 ). Two of them (samples 1 and 2) were collected at very close locales in Sichuan Province (about 2 km in between). Four samples (samples 3-6) were collected in northern Chongqing City.
Parts of the roots of each sample were extracted with ethanol immediately after collection, and the extracts were subjected to Ehrlich's test on TLC plates, by which furanoeremophilanes were detected [15, 16] . Samples 1, 4, 5, and 6 were Ehrlich-positive, whereas samples 2 and 3 were negative, suggesting that there are at least two chemotypes among the samples. Sample 1 showed two major purple spots, while samples 4-6 showed one major spot at R f = 0.57 (n-hexane/AcOEt 7:3). In addition, samples 4 and 6 showed a distinct orange spot of 6-oxofuranoeremophilane [16] at R f = 0.69.
The extracts were analyzed by LC-MS and the results are shown in Figure 2 . Chromatograms of samples 4-6 were almost the same, indicating that the chemical compositions were very similar among the samples. However, the chromatograms of samples 1-3 were different from those of 4-6, and from each other.
From the Ehrlich-negative samples (samples 2 and 3), benzofurans 1 and 2 (euparin) were isolated. They had been isolated from some Ligularia species such as L. latihastata [17] , L. veitchiana [14] , L. stenocephala [18] , L. intermedia [19] , and L. przewalskii [20] . However, to the best of our knowledge, this is the first isolation from L. fischeri. In addition, their derivatives 3 [21] and 4 [17] were isolated from samples 2 and 3, respectively. No eremophilane sesquiterpene was isolated from these samples. Compound 4 may be an artefact generated during ethanol extraction [17] .
Furanoeremophilanes were isolated as the major components from the Ehrlich-positive samples (samples 1, 4, 5, and 6). From sample 1, compound 5 [4] was isolated together with 1,10epoxyfuranoeremophilanes 6-9 and a new compound 10. Compounds 6-8 were previously isolated from L. virgaurea [3] and/or L. cyathiceps [4] . Compound 9 had already been obtained from L. fischeri [10, 13] . From sample 4, 11-14 were isolated, and from sample 5, 11 and 15. From sample 6, 16 (fukinone) and bakkenolide A (17) were obtained, in addition to furanoeremophilanes 11, 13, and 15. These compounds, 11-17, are often found in Ligularia [2].
Using isolated compounds, the major peak(s) in the LC-MS of each sample was identified to be 5 (t R = 16.0 min) for sample 1, 1 (t R = 12.1 min) for samples 2 and 3, 3 (t R = 13.1 min) for sample 2, and ligularol (12, t R = 15.2 min) for samples 4-6, respectively. Although the TICs of samples 4-6 were similar to each other, ligularone (13, t R = 16.1 min) was present in samples 4 and 6, but absent from sample 5, as observed by TLC.
The new compound 10 was obtained only as a mixture with a known compound 6. The structure of 10 was deduced as follows, after subtracting the signals of 6. Its molecular formula was determined to be C 17 H 24 O 3 from HR-CI-MS (m/z 276.1712). The 1 H NMR spectrum showed typical signals of furanoeremophilanes [ 6.94 (H-12), 1.82 (H 3 -13), 0.87 (H 3 -14), and 0.83 (H 3 -15) ]. The other signals were similar to those of 6, except for the presence of an ethoxy group and the absence of angelate. An oxygen-bearing methine signal was observed at  4.13 instead of an acyloxy-bearing methine (H-6) in 6, indicating that the substituent at C-6 was not acyloxy but ether. These data suggested that 10 had an ethoxy group at C-6 in place of an angelate in 6. The 13 C NMR spectrum, assigned by DEPT and HMQC, supported these inferences, and the planar structure was established by the COSY and HMBC correlations shown in Figure 3 . Configurations at C-4 and C-5 were determined from the J-value of H-3 (br q, J = ca. 12 Hz) and NOE between H 3 -14 and H-3 ( Figure 3 ) and the orientation of the ethoxy group at C-6 was deduced to be  from the low-field shift of H-4 and NOE between H-6 and H 3 -14. Although no useful NOE to determine the configuration at C-1 and C-10 was observed, the epoxide configuration was deduced to be  from the coupling pattern of H-1 (br s) on the basis of molecular modeling; molecular modeling indicated that the dihedral angles of H-1/H-2 and H-1/H-2 would be ca. 60 for the -epoxide, while the angles would be ca. 90° and ca. 30°, respectively, for the -epoxide. Thus, the structure of 10 was established as depicted. This compound may be an artefact generated from 6-9 during EtOH extraction. Replacement of the C-6 substituent with an ethoxy group was often observed in furanoeremophilanes [5, 13, 15, 22] . Compound 5 may also be an artefact from 6-9. Chemical lineages of Ligularia fischeri Natural Product Communications Vol. 11 (2) 2016 141 No. ITS1 5.8S ITS2 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 2 2 2 1 1 2 2 4 4 4 6 6 9 0 0 0 1 1 2 2 2 4 6 7 8 2 2 2 3 4 4 3 3 3 4 5 9 0 0 1 1 4 4 5 9 0 1 2 3 5 1 6 6 7 9 5 6 5 0 1 2 1 6 5 6 7 0 7 3 8 1 2 3 5 1 2 8 5 6 4 9 2 4 2 1 5 2 4 5 9 4 4 4 5 1 The base sequence of the internal transcribed spacer 1 (ITS1) -5.8S-ITS2 region in the nuclear ribosomal RNA gene cluster was determined. The results are summarized in Table 2 . The number of sites with multiple bases, i.e., M, R, S, W, or Y, in sample 2 is 22 and unusually large. This strongly suggests that the sample is introgressed; namely, it has undergone hybridization and backcrossing.
The present results showed the presence of at least two chemotypes within the L. fischeri populations. One is a benzofuran-producing group (samples 2 and 3), and the other, an eremophilane-producing group (samples 1, 4-6). Because euparin-type benzofurans are not terpenoids, the two chemotypes are likely to belong to different lineages. Although samples 1 and 2 were collected at close locations, sample 1 produced eremophilanes and sample 2, benzofurans. This difference may well have resulted from introgression in sample 2, as shown by DNA sequencing.
Among the eremophilane-producing samples, the chemical composition of sample 1, collected in Sichuan Province, was different from that of the Chongqing samples (samples 4-6). The major component of sample 1 is 1,10-epoxyfuranoeremophilanes, while that of the Chongqing-type is a ligularol/tetradymol derivative. No common compound was detected ( Table 1 and Figure 2 ), suggesting the presence of subgroups within the eremophilane-producing group. We previously analyzed a sample collected in central Sichuan (between Chengdu and Kangding, Figure 1 ) and 5, 9, and related 1(10)-ene derivatives were obtained [13] . Ligularol derivatives [9] and 1,10-epoxyfuranoeremophilane derivatives [10] were also isolated from Japanese samples. This literature indicates that both "ligularol-type" and "1,10-epoxy-type" are distributed widely.
As mentioned above, L. fischeri is morphologically very similar to L. veitchiana and L. anoleuca. To examine the genetic relationship among L. fischeri and these two morphologically similar species, the ITS1-5.8S-ITS2 sequences of the present and the previous L. fischeri, L. anoleuca, L. veitchiana sequences [13, 14] were analyzed with a standard phylogeny program [23] . The sequence of sample 2 was omitted, because it is introgressed. The result is shown in Figure 4 . Three clades with a bootstrap value larger than 50% were formed. A first clade included the previous L. anoleuca and L. fischeri sequences with a bootstrap value of 99%. This agrees with our previous result that L. fischeri and L. anoleuca in central Sichuan were indistinguishable [13] . A second clade included sequences of samples 4-6 with a bootstrap value of 63%. That these sequences from Chongqing are separate from the first shows that L. fischeri harbors higher genetic diversity than previously reported [13] , presumably due to geographical separation. A third clade included the L. veitchiana sequences with a bootstrap value of 55%. Formation of the second and the third clades, although the bootstrap values are not large, presumably reflects the fact that the samples within each clade were geographically close and, therefore, similar. No clear cladistic relationship was observed among the three clades and the remaining sequences of samples 1 and 3. Although benzofurans alone were isolated from our previous L. veitchiana samples [14] , both eremophilanes [24, 25] and benzofurans [25, 26] had been isolated from L. veitchiana. This literature and the present results suggest that L. fischeri / L. anoleuca / L. veitchiana may form a complex, which includes two chemical lineages. More data are necessary to understand the relationship between eremophilane-and benzofuranproducing groups in these species. In conclusion, the present study found that L. fischeri in China harbors higher chemical and genetic diversity than previously known. The finding that L. fischeri produces not only eremophilanes but also benzofurans is particularly interesting, because a taxonomically close species, L. veitchiana, also produces both eremophilanes and benzofurans. More data would elucidate how populations in these species have come to produce either benzofurans or eremophilanes. 
Isolation of compounds:
Dried roots of sample 1 (30.4 g) were extracted with EtOH to afford an extract (1420.4 mg), which was subjected to silica-gel column chromatography (n-hexane-EtOAc, gradient) to afford 7 fractions. Fraction 2 (145.2 mg, eluted with nhexane-EtOAc 98:2) was further separated by repeated column chromatography (n-hexane-EtOAc) and HPLC to obtain 5 (44.1 mg), an inseparable mixture of 6 and 10 (18.6 mg, ratio 3:2), and a mixture of 7 and 8 (7.1 mg, ratio 2:1). From fraction 4 (eluted with n-hexane-EtOAc 90:10), 9 (2.4 mg) was obtained after purification by column chromatography and HPLC.
Dried roots of samples 2 (13.8 g), 3 (102.6 g), 4 (58.1 g), 5 (48.6 g) and 6 (67.8 g) were separately extracted with EtOH to afford extracts (983.8 mg for 2; 3167.5 mg for 3; 3300.7 mg for 4; 2397.8 mg for 5; and 2216.9 mg for 6). Each extract was subjected to silica-gel column chromatography (n-hexane-EtOAc, gradient) and HPLC, as above, to obtain from sample 2, 1 (1.8 mg), 2 (1.2 mg), and 3 (7.0 mg); from sample 3, 1 (28.5 mg), 2 (8.9 mg), and 4 (6.2 mg); from sample 4, 11 (23.8 mg), 12 (21.3 mg), 13 (8.2 mg), and 14 (9.7 mg); from sample 5, 11 (9.9 mg), and 15 (18.5 mg); and from sample 6, 11 (103.6 mg), 13 (0.8 mg), 15 (1.8 mg), 16 (1.6 mg), and 17 (5.4 mg).
Compound 10 
